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Background: There are several bioengineering solutions aimed at improving human 
health and welfare. Smart electrodes based on textile substrates have met the grow-
ing demand for comfort, reliability, and robustness when acquiring physiological 
signals.
Objectives: Given the importance of good quality electrocardiograms (ECG) in equine 
sports medicine, this study focuses on the validation of smart textile electrodes to 
acquire ECG signals in horses during treadmill exercise.
Study design: The performance of the smart textile electrodes is compared with 
standard silver/silver chloride (Ag/AgCl) electrodes in terms of signal quality.
Methods: Five healthy Standardbred mares were fitted with two identical electronic 
systems for the simultaneous recording of ECGs during a standardised exercise 
test (SET) on a treadmill. One system was equipped with smart textile electrodes, 
whereas the second was equipped with standard Ag/AgCl electrodes. The Ag/AgCl 
electrodes were positioned on shaved skin with self-adhesive pads, and without 
(SET1) or with glue (SET2). The textile electrodes were positioned without shaving 
the skin. The Kurtosis (k) value for each ECG trace recorded was calculated as an 
index of ECG signal quality.
Results: For the textile electrodes, k values were higher, and closer to ideal compared 
to Ag/AgCl electrodes. The median values of the Signal Quality Indexes (kSQI) were 
higher for textile compared to Ag/AgCl electrodes. These differences were signifi-
cant in SET 2 (P < .001), but not in SET 1 (P = .08).
Main limitations: This study was limited to treadmill exercise that did not include a 
rider or harness.
Conclusions: During treadmill exercise, textile electrodes are a practical solution for 
collecting good quality ECG traces.
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1  | INTRODUC TION
Exercising ECG is an important component of clinical investigation of 
horses with potential cardiac arrhythmias.1 Obtaining an ECG trace 
of good quality during exercise is difficult because the movements of 
the horse often affects the ECG quality leading to motion artefacts 
and low stability.2 The artefacts can be generated by non-cardiac 
electrical potentials due to the movement between the electrodes 
and the skin.3,4 Skin stretch, gait movements, muscle tremor, respi-
ratory motion, and movement of the leads2 modify the distribution 
of the charge at the interface between the skin and the electrode, 
regardless of the cause itself.4 This results in changes in the ECG 
during exercise, which can often lead to misinterpretation or mis-
leadingly normal ECG waves.5
A better solution for recording ECGs in exercising horses is 
needed. Several bioengineering solutions have been implemented 
to collect human physiological signals. One of the most promising 
is smart textiles, which combine conductive yarn (based on stain-
less steel fibres) with elastane (attached to the fabric during man-
ufacturing). Smart textiles are easy to use and comfortable; they 
can also be positioned without using adhesive electrodes, glue or 
cohesive bandages.6 The multilayer structure of the smart textiles 
enables an electrochemical equilibrium to be established between 
the skin and electrodes. This is helped by sweating and the reduc-
tion in evaporation on the body surface. The signal recording is 
more constant, and the quality is therefore notably improved.7,8 
Smart textiles have been proposed for monitoring physiological 
parameters in horses,9 and have already been validated in standing 
horses.7
Our hypothesis was that using smart textiles would reduce the 
number of motion artifacts in the equine ECG trace collected during 
exercise. We compared ECG traces obtained simultaneously (in an 
intra-subject comparison) from smart textile and common silver/sil-
ver chloride (Ag/AgCl) electrodes attached with their adhesive alone 
or with additional glue.2 To test the hypothesis, the Kurtosis and the 
kSQI (calculated based on the Kurtosis values) were used to evaluate 
quality of the ECG signal. Kurtosis is considered one of the best indi-
ces for the evaluation of the quality of ECG traces obtained from the 
leads of individual single ECG.10
2  | MATERIAL S AND METHODS
2.1 | Animals and husbandry
Five healthy Standardbred mares (mean age 4.8 ± 1.1 and weight 
560.3 ± 51.2 kg) were included. They were kept in paddocks 
(75 × 75 m2), fed with concentrate and hay and offered water ad 
libitum. The mares had previously been used as recipients in an em-
bryo transfer program at the Department of Veterinary Sciences 
(University of Pisa, Italy). This study was conducted from January 




To accustom the horses to using the treadmill (Sato II, Sweden) and 
to reach an adequate level of performance, each horse underwent 
a training period for 1 month. The progression in speed, time and 
distance was modulated in relation to heart rate in order to reach 
200 bpm when the horse was making maximum effort.11
2.2.2 | Standardised exercise test
Each horse performed two Standardised Exercise Tests (SETs) on 
a treadmill carried out 1 week apart. Each SET lasted 18 minutes 
and started with one step of 4.5 minutes walking (Walk 1), followed 
by three steps at increasing speeds (Trot 1, Trot 2 and Gallop), last-
ing 3 minutes each. The Gallop was followed by another 4.5 min-
utes walking (Walk 2). The speeds were the same for all the subjects 
in Walk 1 (1.7 m/s), Trot 1 (3.5 m/s), Trot 2 (5.5 m/s) and Walk 2 
(1.7 m/s). Only one subject differed from the others in terms of the 
speed in Trot 2 (6.5 m/s rather than 5.5 m/s). The Gallop speeds var-
ied amongst subjects (8.5, 9.0, 10.0 or 11.0 m/s), based on the indi-
vidual heart rate and were modified to ensure each horse galloped 
at 200 beats/min.
2.3 | Data collection
During the two SETs, each horse was equipped with two identical 
ECG recording devices (Biopac). One was connected to two tradi-
tional Ag/AgCl electrodes (3M), and the other was connected to two 
smart textile electrodes (Smartex Srl, Navacchio). Thus, two ECG 
traces were recorded simultaneously.
Recording devices were connected to the electrodes through 
high conductivity wires. These were sewn to the textile electrodes, 
thus the conductive fibres in the textile were continuous with the 
wires. For the Ag/AgCl electrodes, wires were welded to a cavity 
button that fitted into the snap button of the electrodes. The other 
head of the wires was introduced into the recording devices through 
a plug.
The Ag/AgCl electrodes were positioned on shaved skin 
using self-adhesive pads (SET 1) or with (SET 2) additional glue 
(Dermabond, Ethicon Inc., J&J Medical, Somerville). The textile elec-
trodes (rectangular, 8 × 3 cm) were horizontally positioned without 
shaving the skin but with alcohol applied between the skin and the 
electrode. Each pair of electrodes (textile and Ag/AgCl) produced a 
single lead ECG trace. The Ag/AgCl electrodes were placed above 
the textile electrodes at a distance of no more than 2 cm (Figure 1A) 
in a modified base-apex configuration (Figure 1B). Electrodes were 
kept in place using an elastic belt fastened around the chest behind 
the shoulder of the horse. Between the elastic belt and the elec-
trodes, sponges were inserted to obtain a uniform pressure. The two 
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recording devices were placed in a pocket on the elastic belt and 
wires connecting the electrodes to the recording systems were fixed 
using adhesive tape.
The ECGs were acquired at a sampling frequency of 250 Hz 
(250 sample/s). The signals were transmitted wirelessly, via 
Bluetooth, to a mobile device. It was thus possible to assess the 
recording and storing process of the ECGs in real time. The ECGs 
were recorded on a treadmill, during 18 minutes of a standardised 
exercise test.
2.4 | Data analysis
Of the total 18 minutes of recording, 15 minutes of the ECG traces 
were analysed, encompassing the last three minutes of Walk 1 and 
the first three minutes of Walk 2 thus creating five homogeneous 
work sessions lasting three minutes each (Walk 1, Trot 1, Trot 2, 
Gallop and Walk 2). Traces stored within each electronic device were 
downloaded to a PC for evaluation of the quality of the ECG signals. 
The Kurtosis (k) values for each trace were calculated through a sig-
nal process analysis developed for humans.10 This is an index of ECG 
signal quality, comparing the shape of the ECG probability distribu-
tion to a Gaussian probability distribution.10 The description of the 
values used to categorise an ECG signal as good (sinus rhythm) or 
not, are reported in Li et al.12 As suggested by Li, good quality ECG 
signals have k values greater than 5.10 If the ECG signal is affected by 
artefacts, it shows a k value of about 5. Interference due to power 
supply induces a k-value lower than 5.13
Baseline wandering of each acquired ECG signal was removed using 
a Finite Impulse Response (FIR) high-pass zero phase forward-back-
ward filtering with a cut-off frequency of 0.5 Hz.10,12,13 Then, the 
whole duration of each ECG signal (15 minutes) acquired from each 
horse in each SET, was divided into time windows of 10 seconds, over-
lapped by five-second intervals such that for each of the five 3 minutes 
standardised work sessions, a total of 36 10 seconds time windows 
were evaluated. The k-value was then calculated for each time window. 
A binary value B was assigned to each window, as follows:
B = 1 if k-value >5
B = 0 if k-value ≤5.
The Kurtosis Signal Quality Index (kSQI)10,14,15 was calculated as 
follows:
Given the non-Gaussian distribution of samples (Shapiro-Wilk 
test), a two-way Friedman test was computed for each SET (P ≤ .05). 
The two vectors of kSQI were used (one for Ag/AgCl and one for 
textile electrodes) as the input for the statistical test. These vec-
tors had been extracted from the equine ECGs in each experimental 
phase. Therefore, the number of observations made was 25 (N = 25) 
for each SET. The kSQI values were compared between the Ag/AgCl 
kSQI=
number of 10s windowswhere B = 1
total number of 10s windows in each session (36 in this study)
F I G U R E  1   Placement of Ag/AgCl and 
textile electrodes (A). Modified base apex 
configuration of electrodes (B)
(A) (B)
F I G U R E  2   Median values and median absolute deviations (of the Kurtosis Signal Quality Index (kSQI). These values were calculated for 
the five work sessions (three minutes each) and in five subjects tested in two standard exercise tests. (A) With Ag/AgCl electrodes attached 
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electrodes and the textile electrodes, for each step (5 steps: Walk 1, 
Trot 1, Trot 2, Gallop and Walk 2) and for each horse (5 horses). Our 
aim was to test whether there was a significant statistical difference 
between the quality indexes related to the two acquisition systems. 
All the processing tools and statistical analyses were performed with 
Matlab (MathWorks).
F I G U R E  3   Boxplots and median values related to the range of distribution of the Kurtosis Signal Quality Index (kSQI) values for all the 
gaits and all the horses in the two Standard Exercise Tests (SETs) with the corresponding P-values, each referring to 25 observations). In SET 
1 textile electrodes and Ag/AgCl applied without using glue were used to simultaneously record ECG, while in SET 2 the glue was used to fix 
the Ag/AgCl electrodes. The ideal value for the kSQI index is 1
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F I G U R E  4   Histograms of k values 
recorded in one subject for each three 
minute phase of two standardised 
exercise tests (A = SET 1, B = SET 2). The 
vertical axis represents the number of 
time windows, with the corresponding 
k-value on the horizontal axis. The vertical 
red line indicates the k-value 5, values 
above which indicate good ECG quality 
signal11,14,15. The values of kurtosis for 
textile electrodes are over 5, while for 
Ag/AgCl electrodes, they are generally 
below 5
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3  | RESULTS
Figure 2A,B show that the kSQI values of textile electrodes are higher 
than the kSQI of Ag/AgCl electrodes signals, and that they are close 
to the optimum value of 1 during walk in the first SET. Comparing the 
results of the Ag/AgCl electrodes alone, the kSQI was lower in the 
second test (with additional glue). In general, the median kSQI values 
for the textile electrodes was higher than those of the Ag/AgCl elec-
trodes, in both SETs (Figure 3). However, in SET 1, the kSQI obtained 
with the Ag/AgCl and the textile electrodes were not statistically 
different (P = .08). In SET 2, the kSQI of the textile electrodes was 
significantly higher than the kSQI of Ag/AgCl with glue (Table S1).
The k-value for textile electrodes was generally above the ideal value 
of 5 in both tests, while for Ag/AgCl, the k-value was generally less than 
5. Figure 4 shows an example of data collected from one subject in each 
test. The histograms demonstrate that the k-values of the two electrode 
types became further apart as a function of speed, and the kSQI related 
to Ag/AgCl decreased consistently in the last part of the experimental 
protocol. For visual comparison, Figure 5 shows samples of the ECG sig-
nal acquired simultaneously using the Ag/AgCl and textile electrodes.
4  | DISCUSSION
We used textile electrodes as an alternative method to Ag/AgCl 
electrodes for ECG recording in horses during a standardised exer-
cise on the treadmill. The comparison between Ag/AgCl and tex-
tile electrodes was objective because the two types of electrodes 
were used simultaneously on the five mares enrolled in the study. 
The textile electrodes are a practical solution for recording ECG 
traces during and with the textile electrodes, the kSQI was near 
to the ideal value of 1 and k-values were near to the ideal value of 
5. An increase in the quality of the ECG traces obtained through 
textile electrodes has already been shown in horses at rest.7
In addition, two different methods for placing the Ag/AgCl 
electrodes were tested. Previous studies in equine cardiology re-
port different solutions with,2 or without,10 the application of glue 
on the electrode. Our results showed that the quality of the traces 
was reduced when the Ag/AgCl were applied with glue compared 
to the textile. Therefore, using Ag/AgCl with glue does not seem to 
improve the ECG quality signals which may be due to the mishan-
dling of the electrodes when applying the glue, and the fixed state 
may alter the electrochemical balance of the skin. Although there 
was no significant statistical difference between the Signal Quality 
Index values (kSQI) for Ag/AgCl and textile electrodes in SET 1, in 
both SETs the median value of the kSQI for textile electrodes was 
higher than the median value of the Ag/AgCl electrodes.
Textile electrodes showed some practical advantages for the appli-
cation in horses: they are easy to use and comfortable. The electrodes 
are located automatically6 without using adhesive electrodes, glue or 
bandages. The textile electrodes also helped the electrochemical bal-
ance,7 thus also facilitating the continuous collection of ECG signals. 
The multilayer structure of the smart textile has been designed to in-
crease the amount of sweat and reduce the rate of evaporation, thus 
quickly reaching an electrochemical equilibrium between the skin and 
electrodes. The signal quality is therefore improved and kept constant 
over time.14 Considering the particular characteristics of sweating in 
horses,15 this feature of the smart textiles may be relevant.
F I G U R E  5   Example of ECGs acquired simultaneously using Ag/AgCl (left), textile electrodes (right)
Ag/AgCl Textile
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The improved quality of the traces means that more advanced 
analysis techniques are made possible5,7 and ECG traces can be more 
accurately assessed during exercise. This may be crucial in the diag-
nosis of rhythm disorders and for estimating heart rate variability.16,17
The study is limited by the relatively small number of horses. 
Future work will focus on increasing the number of horses, which 
would then strengthen the statistical power of comparisons. We 
exercised the horses only on a treadmill, and our smart textile elec-
trodes have not yet been tested in field settings with horses exer-
cised under saddle or harness.
4.1 | Conclusions
Textile which are wearable, washable, moldable and can be applied 
without using glue and without having to shave the horse's coat 
were shown objectively to have higher signal quality compared to 
Ag/AgCL electrodes. These results indicate that textile electrodes 
are a valid and practical alternative to classic Ag/AgCl electrodes.
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